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Canada
MexicoUnder the North American Commission for Environmental Cooperation (CEC) and its Sound Management
of Chemicals (SMOC) program, a tri-national human contaminant monitoring initiative was completed
to provide baseline exposure information for several environmental contaminants in Canada, Mexico and the
United States (U.S). Blood samples were collected from primiparous women in Canada and Mexico, and
were analysed for a suite of environmental contaminants including polychlorinated biphenyls (PCBs),
dichlorodiphenyldichloroethylene(p,p′-DDE),beta-hexachlorocyclohexane (β-HCH), mercury and lead. Amulti-
ple stepwise linear regression analysis was conducted using data from Canadian and Mexican primiparous
mothers, adjusting for ethnicity group, age, pre-pregnancy BMI, years at current city and ever-smoking status. Con-
centrations of p,p′-DDE,β-HCH, and lead were found to be higher amongMexican participants; however, con-
centrations of most PCBs among Mexican participants were similar to Canadian primiparous women after
adjusting for covariates. Concentrations of total mercury were generally higher among Mexican primipa-
rous women although this difference was smaller as age increased. This initial dataset can be used to deter-
mine priorities for future activities and to track progress in the management of the selected chemicals, both
domestically and on a broader cooperative basis within North America.
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Prior to the initiation of the Trinational Biomonitoring study
(CEC, 2011) there was relatively limited biomonitoring data avail-
able across parts of Canada and Mexico. In Canada, several targeted
population and community-based based studies have been conducted
among Aboriginal populations (Donaldson et al., 2010; Wheatley and
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et al., 2002) and the St. Lawrence region (St. Lawrence Vision, 2000),
and in certain provinces (Alberta Health and Wellness, 2008; INSPQ,
2004). More recently however, a number of comprehensive surveys
have been conducted such as the Canadian Health Measures Survey,
and several others described by Haines et al., (2012), that provide a
nation-wide level of information on contaminants present in the
population. In Mexico, biomonitoring data was relatively scarce ex-
cept for a few contaminants such as lead and DDT (López-Carrillo
et al., 1996a,1996b) although more recently, studies have been con-
ducted that focus on environmental contaminants in suspected areas
of higher levels (Dominguez-Cortinas et al., 2013;Meza-Montenegro
et al., 2013; Trejo-Acevedo et al., 2012;Trejo-Acevedo et al., 2009) at
speciﬁc sites (Orta-Garcia et al., 2014) and at sites in proximity to
point sources of contaminants (Soto-Jimenez et al., 2011; Soto-Rios
et al., 2010).
A tri-national human contaminant monitoring initiative was
developed by the North American Commission for Environmental
Cooperation (CEC) and its Sound Management of Chemicals (SMOC)
program, which is tasked with implementing tri-national efforts to re-
duce the risks of exposure to toxic substances related to human health
and the environment in the United States (U.S.), Canada and Mexico
(CEC, 2011). The initiative was developed with two main objectives:
1) to obtain an initial proﬁle of exposure to persistent organic pollutants
(POPs) and selected metals in primiparous women for Canada and
Mexico, and women of childbearing age in the U.S.; and 2) to enhance
the capacity of Mexico to monitor Stockholm Convention POPs and se-
lected metals, establishing the basis for the development of compatible
and comparable databases of human biomonitoring results for the three
countries. The data collected by this pilot biomonitoring study
(Trinational Biomonitoring Study) provides a baseline proﬁle of human
exposure to environmental contaminants to help track progress in
managing select chemicals in the three countries (CEC, 2011) and assist
in the prioritization of future monitoring activities.
The POPs and metals contaminants measured in the Trinational
Biomonitoring Study are some of the most well studied contaminants
and human health effects associated with their exposure has been
studied by numerous researchers. Studies have linked lead exposure
to neurodevelopmental (Boucher et al., 2012a,2012b; Cho et al., 2010;
Wang et al., 2008a), cardiovascular (Glenn et al., 2003, 2006; Yazbeck
et al., 2009), renal (Muntner et al., 2003, 2005) and reproductive effects
(Cantonwine et al., 2010).Mercury exposure has been associated with
neurotoxic effects in adults (Harada et al., 2005; Harada, 1995) and
children (Grandjean et al., 2003), cardiovascular effects (Choi et al.,
2009), and developmental effects in children from prenatal exposure
(Boucher et al., 2012a,2012b). In addition, several studies have
identiﬁed a number of potential health effects associated with expo-
sure to persistent organic pollutants (POPs), including exposure to
dichlorodiphenyldichloroethylene (p,p′-DDE) and PCBs (Dallaire et al.,
2004, 2006), PCBs and dioxins (Weisglas-Kuperus et al., 2004) with
immune system effects, and exposure to PCBs with cardiovascular
effects (Huang et al., 2006; Sergeev and Carpenter, 2005), and
neurodevelopment effects (Boucher et al., 2009; Grandjean et al., 2001;
Jacobson and Jacobson, 2003; Muckle et al., 2004). An increasing
number of studies are reporting increased risk of developing type II diabe-
tes associated with exposure to POPs, such as PCBs and dioxins (Lee et al.,
2010, 2006; Wang et al., 2008b;) and p,p′-DDE (Rignell-Hydbom et al.,
2009). Few studies have investigated health effects associated with
exposure to polybrominated compounds (Kicinski et al., 2012),
although several toxicology studies have documented developmental,
neurotoxic, and endocrine disruption effects (Costa et al., 2008;
Darnerud, 2003).
Exposures for young children and the developing fetus carry the
most cause for concern due to their rapid growth and physiological
immaturity. Environmental chemicals can be passed on from themother
to the developing fetus through the placenta (Needham et al., 2011) andsome contaminants such as mercury have been detected at higher con-
centrations in umbilical cord blood than in maternal blood (Ask et al.,
2002; Sakamoto et al., 2004; Soria et al., 1992). Even after birth, when
the body is still developing and young children do not have a fully
formed blood–brain barrier, further exposure to contaminants can
occur through breastfeeding (Anderson and Wolff, 2000; LaKind et al.,
2001). For this reason, pregnant women were the target population for
the CEC Trinational Biomonitoring Study. Primiparous women in
particular, are an ideal population to study as they are not inﬂuenced
by confounding variables such as parity and breast-feeding (James
et al., 2002; Sarcinelli et al., 2003). Several studies have investigated
changes in maternal blood volume, body mass index and other factors
during pregnancy, however recent studies indicate that the last weeks
of the third trimester is the most suitable time period for the measuring
of organochlorines in blood samples (Hansen et al., 2010).
Data on concentrations of chemicals in human populations are re-
quired by regulatory agencies to conduct risk assessments and for
informing policy decisions. The monitoring of contaminant levels in
human populations can provide information to track the effectiveness
of regulations. In Canada, for example, a decline in blood lead concentra-
tions has been observed over the last three decades, where 25% of
Canadians aged 6 or olderwere found to have blood lead concentrations
above 10 μg/dL as measured in the Canada Health Survey (1978–79),
while less than 1% of Canadians were above 10 μg/dl as measured in
the Cycle 1 of Canadian Health Measures Survey 30 years later
(2007–2009; Wong and Lye, 2008). This may reﬂect the phase-out of
leaded gasoline, lead-containing paints, and lead solder in food cans
(Health Canada, 2004). The concentrations of a number of organochlo-
rines, such as DDT and β-HCH, have also beenmeasured to be declining
in human breast milk in Ontario and Quebec over several decades
(Craan and Haines, 1998), the use of which has been reduced or
eliminated due to either restricted use or production, voluntary bans
or regulated bans.
Comparison of biomonitoring datasets from different geographic
areas and countries can provide valuable information to compare and
contrast contaminants concentrations in human populations (a result
of exposures from various sources including consumer products, food
and environmental media), as well as to help evaluate the effectiveness
of global regulations and other risk management efforts. Challenges
exist, however, when comparing biomonitoring studies due to the po-
tential for lack of consistency in study design, sample populations,
time period, laboratory analytical methods, and interpretation of the
data. To ensure comparisons for human biomonitoring data are
scientiﬁcally meaningful, it is essential to evaluate the methodological
components of the biomonitoring surveys and their impact on the com-
parability of the data (LaKind et al., 2012). The CEC biomonitoring data
collected in this pilot study was conducted using similar methods and
designs in Canada and Mexico, which provides a unique opportunity
tomake ameaningful statistical comparison between these two popula-
tions. Due to the different recruitment/sampling strategy used for the
collection of US data, the analysis was restricted to Canadian and
Mexican data. A descriptive comparison of all three countries is however
presented in the original report (CEC, 2011). The objective of this paper is
to use statistical methods to compare the concentrations of select POPs
and metals in the blood of primiparous women from Canada and
Mexico after adjusting for covariates.
2. Methods and Materials
2.1. Study Design
The Canadian women selected for the study were pregnant women
attending their ﬁrst prenatal visit, while Mexican women selected for
the study were pregnant women attending a later prenatal visit in
their last trimester. In this study, only primiparous women (e.g., ﬁrst
birth) aged between 14 and 43 years and who were able to provide
304 B. Adlard et al. / Science of the Total Environment 500–501 (2014) 302–313informed consent, were included in this study as participants. This age
range allowed inclusion of primiparous women in the two countries, as
women having their ﬁrst child in Mexico were younger than women in
Canada. Only primiparous womenwere included in the study to provide
a consistent body burden of contaminant concentrations unaffected by
lactation or in utero transfer frommother to a previous infant. Exclusion
criteria for this study included women with pre-eclampsia, gestational
diabetes, hypertension, diabetes, epilepsy, endocrine disorders or any
other disease during pregnancy that may signiﬁcantly affect maternal
or child health. Each study participant completed a demographics
questionnaire providing information on age, reproductive history, place
of birth and residence, family income, and self-reported cigarette
smoking history at the time of enrollment. The Canadian study protocol
was reviewed and approved by the research ethics boards of Health
Canada and of each of the participating centers. The Mexican study
protocol was reviewed and approved by the research, ethics and
bio‐security commissions of Instituto Nacional de Salud Pública (INSP).
Study subjects were recruited at ﬁve Canadian sites1 between
December 2005 and August 2007, and at 10 Mexican sites2 between
November 2005 and March 2006. These sites represent a mix of cities
with different histories of industrial activity, agricultural practices and
use of pesticides, types of employment, and also represent different geo-
graphic regions of each country (Foster et al., 2012; Rodriguez-Dozal
et al., 2012). Primiparous women were recruited until the goal of
twenty-ﬁve women from each of the sites was reached. Existing
NHANES data on American women of childbearing age were presented
in the CEC Tri-national Report (CEC, 2011); however, those data are not
included in this analysis to allow us to more directly compare primipa-
rous women from Canada and Mexico.
2.2. Sample collection and analysis
Due to the signiﬁcant physical changes (including blood volume and
lipid content) that occur during pregnancy, all blood samples from
Canadian and Mexican primiparous women were collected in the
third trimester, prior to delivery. Samples from all sites were collected
according to the agreed upon sampling and laboratory protocols using
sample containers supplied by the U.S. Centres for Disease Control and
Prevention. Blood was collected from the antecubital vein into purple-
top, EDTA-containing Vacutainer® tubes (two 7 mL tubes for trace
metal measurements and two 10 mL tubes for POPs measurements).
Anticoagulated whole bloodwas stored at 4 °C until required for analy-
sis. Plasma, obtained by centrifugation of POPs tubes, was decanted into
pre-cleaned vials and stored frozen. In Canada, duplicate samples were
collected to allow further follow-up analyses, while inMexico, duplicate
samples were collected so that analyses could be completed by national
laboratories in both countries, Centro Nacional de Investigación y
Capacitación Ambiental (Cenica – metals) and Universidad Autónoma
de San Luis Potosí (UASLP – POPs) in Mexico, and the Institut national
de santé publique du Québec (INSPQ) in Canada.
The data presented in this paper from Canada and Mexico are the
results from the INSPQ laboratory, Canada. The duplicate analyses
undertaken at the two Mexican laboratories are discussed in the
Trinational Biomonitoring Study (CEC, 2011). Metals were measured
by either inductively-coupled mass spectrometry (lead and cadmi-
um) or cold vapor atomic absorption (mercury) (Butler-Walker
et al., 2006). Chlorinated pesticides and PCBs were measured using
high-resolution gas chromatography/low-resolution mass spectrosco-
py (GC-MS) using an in-house, ISO-17025 accredited method adapted
from Mes et al. (1990). Plasma samples (2 mL) were extracted on a
solid phase extraction (SPE) column. The extracts were puriﬁed on a
Florisil column, concentrated to a ﬁnal volume of 100 μL, and analyzed1 Halifax, Vancouver, Hamilton, Ottawa, Calgary.
2 Queretaro, Tultitlan, Merida, Salamanca, Monterrey, Guadalajara, Hermosillo,
Cordoba, Coatzacoalcos and Ciudad (Cd.) Obregon.by gas chromatography–mass spectrometry using electronic impact
ionization (EI). Analytical details are explained in more detail in Foster
et al., 2012 and Rodriguez-Dozal et al., 2012.
All metals concentrations are reported on a whole blood volume
basis. The POPs data in plasma are reported on a lipid-adjusted basis.
The total lipid concentration of each samplewas calculated by summing
themeasured concentrations of plasma lipid components. All lipid com-
ponents were measured by standard clinical chemistry enzymatic
methods. INSPQ measured 4 components: total cholesterol (TC), free
cholesterol (FC), triglycerides (TG) andphospholipids (PL) and calculated
the total lipid (TL) concentration as described by Akins et al. (1989).
Whole blood samples were analyzed for a total of nine metals: lead,
mercury (total and inorganic), cadmium, cobalt, nickel, selenium, thallium
and tin. In addition, a total of 37 POPsweremeasured and reported in
this paper including: 20 polychlorinated biphenyl congeners (PCB
28, 52, 99, 101, 105, 114, 118, 123, 128, 138, 153, 156, 157, 163,
167, 170, 180, 183, 187, and 189), hexachlorohexanes (α-HCH, β-HCH,
γ-HCH), aldrin, chlordane derivatives (α-chlordane, γ-chlordane, cis-
nanachlor, transnonachlor, oxychlordane), hexachlorobenzene (HCB),
Mirex, p,p′-DDT, p,p′-DDE, and polybrominated diphenyl ethers (PBDE
47, 99, 100, and 153).
2.3. Statistical analysis
The Canadian population sample was divided into two sub-groups
based on place of birth (Canadian–born and Canadian–foreign born).
For the Mexico data, the samples were considered to be homogenous,
in the sense that all primiparous women from these populations were
native-born.
Data was presented using the geometric mean (instead of an arith-
meticmean) and corresponding 95 percent conﬁdence interval because
most of the contaminants were log-normally distributed as shown by
the Anderson-Darling test for normality. Further analysis to compare
groupmeans for eachof the contaminant concentrationswas conducted
on only those groups where a minimum of 70 percent of the data were
above the limit of detection (LOD). Values below the LODwere imputed
with half the LOD.
Multiple stepwise linear regression analysis was performed to si-
multaneously determine the relationship between the concentrations
of each contaminant and demographic factors. Ethnicity group, age,
pre-pregnancy BMI, years at current city and ever-smoking status
were included in themodel selection process. Spearman correlation co-
efﬁcients were used to identify signiﬁcant correlations between contin-
uous covariates in an effort to minimize multicollinearity. Stepwise
procedures were implemented to simultaneously test for relationships
among covariates and contaminants. The best predictive model was
selected based on an overall F-test for goodness of ﬁt, according to the
Akaike Information Criterion (AIC) and adjusted R2.
Final models included covariates with a p-value of less than α=
0.05 as determined by the stepwise procedure. A residual analysis was
implemented to verify the statistical assumptions of normality and con-
stant variance. When the overall F-test for ethnicity differences in the
ﬁnal models was signiﬁcant, Scheffé multiple pair-wise comparisons
were used to determine which groups were signiﬁcantly different
from one another.
The analysis was completed using software packages SAS (Statistical
Analysis System) Enterprise Guide 4.2 and R (R Core Development
Team). Unless otherwise stated, a signiﬁcance level of 5% (α= 0.05)
was assumed throughout.
3. Results
3.1. Descriptive statistics
Unadjusted data for POPs andmetals amongprimiparouswomen from
Canada andMexico are presented in Tables 1 and 2. A geometric mean for
Table 1
Descriptive statistics and summary results for POPs (μg/kg plasma lipid) in primiparous women in Canada and Mexico.
Contaminant Group N Detection
limit
Percent
detected
Min Max Geometric
Mean
95% CI for
geometric mean
Oxychlordane Canadian –foreign born 20 0.67 100 1.1 12 2.9 2.2 3.8
Canadian –born 102 0.64 100 0.83 10 2.1 1.9 2.3
Mexican All 240 0.65 89 ND 15 1.6 1.5 1.8
trans-nonachlor Canadian–foreign born 20 1.3 100 1.7 27 4.3 3.1 5.9
Canadian–born 103 1.3 89 ND 24 2.4 2.2 2.7
Mexican All 240 1.3 82 ND 21 2.4 2.2 2.7
p,p′-DDE Canadian–foreign born 20 12 100 33 1705 162 107 246
Canadian–born 103 12 100 14 295 53 48 58
Mexican All 240 12 100 47 19753 336 295 382
p,p′-DDT Canadian–foreign born 19 6.7 16 ND 58 NA NA NA
Canadian–born 103 6.5 0.97 ND 7.7 NA NA NA
Mexican All 240 6.5 38 ND 3210 7.1⁎ NA 8.4⁎
β - HCH Canadian–foreign born 20 1.3 95 ND 989 7.7 3.8 16
Canadian–born 103 1.3 84 ND 26 2.1 1.9 2.4
Mexican All 240 1.3 98 ND 210 8.3 7.3 9.5
PCB 118 Canadian–foreign born 20 1.3 95 ND 7.3 2.5 2.0 3.1
Canadian–born 103 1.3 89 ND 13 2.2 1.9 2.4
Mexican All 240 1.3 46 ND 58 NA NA NA
PCB 138 Canadian–foreign born 20 1.3 100 2.2 22 6.0 4.7 7.7
Canadian–born 102 1.3 100 ND 21 3.7 3.3 4.1
Mexican All 240 1.3 82 ND 51 2.4 2.2 2.6
PCB 153 Canadian–foreign born 20 1.3 100 4.4 49 11 8.6 14
Canadian–born 103 1.3 100 ND 20 5.7 5.1 6.3
Mexican All 240 1.3 93 ND 73 3.6 3.3 4.0
PCB 170 Canadian–foreign born 20 1.3 90 ND 13 2.7 2.0 3.8
Canadian–born 103 1.3 52 ND 17 NA NA 1.4⁎
Mexican All 240 1.3 42 ND 7.0 NA NA NA
PCB 180 Canadian–foreign born 20 1.3 100 1.7 32 7.9 5.9 11
Canadian–born 103 1.3 89 ND 86 3.4 2.9 4.1
Mexican All 240 1.3 74 ND 44 2.1 1.9 2.3
PCB 187 Canadian–foreign born 20 1.3 85 ND 9.1 2.5 1.8 3.5
Canadian–born 103 1.3 48 ND 17 NA NA NA
Mexican All 240 1.3 20 ND 23 NA NA NA
PBDE 47 Canadian–foreign born 20 4.0 85 ND 141 15 8.6 25
Canadian–born 103 3.9 82 ND 232 9.2 7.5 11
Mexican All 240 3.9 33 ND 85 NA NA NA
PBDE 99 Canadian–foreign born 20 2.7 60 ND 24 3.3⁎ NA 5.2⁎
Canadian–born 103 2.6 28 ND 83 NA NA NA
Mexican all 240 2.6 13 ND 25 NA NA NA
PBDE 100 Canadian–foreign born 20 2.7 55 ND 22 3.3⁎ NA 5.2⁎
Canadian–born 103 2.6 35 ND 47 NA NA NA
Mexican All 240 2.6 7.5 ND 13 NA NA NA
PBDE 153 Canadian–foreign born 20 1.3 80 ND 42 3.4 1.9 6.1
Canadian–born 103 1.3 87 ND 117 3.7 3.0 4.7
Mexican all 240 1.3 33 ND 13 NA NA NA
ND, Non-detects (value below the limit of detection).
NA, Data not available (not calculated due to high number of non-detect samples).
⁎ Due to high percentage of non-detects, these results should be interpreted with caution.
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born primiparous women as detectable concentrations were found
in only 1% and 16% of samples, respectively. In addition, gamma-
hexachlorocyclohexane (γ-HCH) was only detected in 2% of Mexican
samples, and therefore this data is not presented in Table 1. All other
organochlorines, including p,p’-DDE (the main metabolite of p,p′-
DDT), were detected in greater than 70% of primiparous women
from each group. Due to the low detection of PBDEs among Mexican
primiparous mothers, geometric means were not calculated. Among
the PBDEs measured, only for PBDE 47 and PBDE 153 did 70% of
Canadian primiparous women have detectable concentrations.
Metals such as cadmium, lead, nickel and selenium were detected
in all of the samples, however a geometric mean was not calculated
for inorganic mercury as most of the samples were below the detec-
tion limit.
For the unadjusted data presented in Tables 1 and 2, differences in
concentrations of several contaminants among the groups are observed.
For example,Mexican primiparouswomenhad four and six times higher
concentrations of lead and p,p′-DDE, respectively, compared to
Canadian-born primiparous women. It is worth noting that while only38% of Mexican primiparous women had detectable concentrations of
p,p′-DDT, the most highly exposed women had concentrations as high
as 3210 μg/kg plasma lipid. Mexican and foreign-born Canadian primip-
arouswomenhad similar concentrations of beta-hexachlorocyclohexane
(β-HCH) thatwere nearly four times higher than Canadian-born primip-
arous women. Foreign-born Canadian primiparous women had higher
concentrations of PCBs such as PCB138, 153 and180 than eitherMexican
or Canadian-born primiparous women. Mexican primiparous women
had the lowest concentrations of PCBs among the three groups available.3.2. Demographics
While several demographic variables were recorded from the ques-
tionnaires, due to missing information and inconsistent observations,
only a select few remaining variables were comparable between
Canadian and Mexican participants, and are presented in Table 3.
Mexican primiparous women were between 15 and 33 years of age
with amean age of 21. This was substantially lower than Canadian born
andCanadian Foreign bornprimiparouswomen,whowere between the
Table 2
Descriptive statistics and summary results for metals (μg/L whole blood) in primiparous women in Canada and Mexico.
Contaminant Group N Detection
Limit
Percent
Detected
Min Max Geometric
Mean
95% CI for geometric
mean
Total mercury Canadian–foreign born 16 0.10 94 ND 4.2 0.88 0.55 1.4
Canadian–born 77 0.10 92 ND 2.8 0.40 0.32 0.50
Mexican all 233 0.10 97 ND 18 0.86 0.75 0.97
Inorganic mercury Canadian–foreign born 16 0.40 6.3 ND 0.96 NA NA NA
Canadian–born 76 0.40 2.6 ND 0.90 NA NA NA
Mexican all 233 0.40 24 ND 18 NA NA NA
Lead Canadian–foreign born 16 0.21 100 3.5 33 7.8 5.7 11
Canadian–born 77 0.21 100 2.7 12 5.7 5.3 6.1
Mexican all 233 0.21 100 5.6 228 25 23 27
Cadmium Canadian–foreign born 16 0.04 100 0.25 2.0 0.59 0.42 0.83
Canadian–born 77 0.04 100 0.16 5.0 0.46 0.38 0.55
Mexican all 233 0.04 100 0.16 1.7 0.36 0.34 0.37
Selenium Canadian–foreign born 16 7.9 100 134 284 199 183 216
Canadian–born 77 7.9 100 150 253 190 186 195
Mexican all 233 7.9 100 118 245 164 161 167
Nickel Canadian–foreign born 16 0.35 100 0.59 4.1 2.5 2.0 3.2
Canadian–born 77 0.35 100 ND 5.6 2.1 1.9 2.4
Mexican all 233 0.35 100 1.3 6.5 3.2 3.1 3.3
Cobalt Canadian–foreign born 16 0.05 94 ND 0.41 0.23 0.16 0.32
Canadian–born 77 0.05 97 ND 1.8 0.24 0.21 0.28
Mexican all 233 0.05 100 0.17 3.0 0.41 0.38 0.43
Thallium Canadian–foreign born 16 0.01 63 ND 0.04 0.02⁎ NA 0.02⁎
Canadian–born 77 0.01 58 ND 0.04 NA NA 0.02⁎
Mexican all 232 0.01 64 ND 0.13 0.02⁎ 0.02⁎ 0.02⁎
Tin Canadian–foreign born 16 0.24 81 ND 1.8 0.43 0.28 0.65
Canadian–born 77 0.24 66 ND 12 0.32⁎ 0.26⁎ 0.41⁎
Mexican all 233 0.24 60 ND 7.4 0.24⁎ NA 0.27⁎
ND, Non-detects (value below the limit of detection).
NA, Data not available (not calculated due to high number of non-detect samples).
⁎ Due to high percentage of non-detects, these results should be interpreted with caution.
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33. Pre-pregnancy BMI was similar among all groups although slightly
higher among Canadian-born mothers. Canadian-born and foreign-
born mothers had much higher monthly family income and maternal
education level than Mexican mothers, although this is partially due to
the fact that Mexican mothers were younger. In fact, Spearman rank
correlations among the continuous variables found that age andmonth-
ly family income had the highest correlation (r = 0.5122) as shown in
Table 4.
3.3. Regression analysis
While there were several differences noted in concentrations of
various contaminants observed in Tables 1 and 2, this data only describes
the sample, and does not account for confounding variables which can
inﬂuence blood concentrations of several POPs and metals. Multiple
stepwise linear regression analysis was performed to simultaneously
determine the relationship between the concentrations of each contam-
inant and demographic factors (Table 5). While data was available for
smoking during pregnancy and current smoking status, these variables
were not included in the analysis due to small sample size (within
each category). Monthly family income was also not included to
minimize the effects ofmulticollinearity among the continuous variables.
Educationwas also not included due to theminimal overlap in education
and small sample sizes in each category (23.4% of Mexican mothers had
high school or higher education, compared to 94.6% and 100% of
Canadian-born and foreign-born mothers who had completed a high
school or higher education, respectively). Ethnicity group, age, pre-
pregnancy BMI, years at current city and ever-smoking status were
included in the model selection process, although the years at cur-
rent city variable was not found to be signiﬁcant for any contami-
nants (p N 0.05).
Table 5 shows that higher pre-pregnancy BMI was signiﬁcantly asso-
ciatedwith lower levels of PCB153 andPCB 180 (p= 0.0032 and0.0016,respectively). Age was signiﬁcantly associated with all POPs and metals
considered except cadmium and nickel. Older mothers had higher levels
of POPs, lead and selenium, but also had lower levels of cobalt. Ever
smoking status was signiﬁcant only for cadmium, as the interaction
term between ever smoking status and ethnicity group was found to
be signiﬁcant, indicating that differences in contaminant levels of ethnic
groups depend on whether mothers ever smoked. Other interaction
termswere found to be signiﬁcant including between age and ethnicity
for mercury and PCB 180 (p= 0.0077 and 0.0416 respectively). Ethnic-
ity group (Canadian-born, Canadian foreign-born and Mexican
mothers) was signiﬁcant for all metals and all POPs except for PCB
138, 153 (p = 0.3840 and 0.0923 respectively), and oxychlordane
(p = 0.0565). For the contaminants whose overall F-test for ethnicity
group differencewas signiﬁcant, Scheffémultiple pair-wise comparisons
were performed to determine differences between Canadian-born,
foreign-born and Mexican mothers.
Scheffé multiple comparison (Table 6) show that with other factors
held constant, Mexicanmothers had higher levels of cobalt, lead, nickel,
trans-nonachlor, p,p′-DDE and β-HCH than Canadian-foreign born and
Canadian-born mothers. Canadian-foreign born mothers had similar
levels as Canadian-born mothers for these contaminants, except p,p′-
DDE and β-HCH for which levels were signiﬁcantly higher among
foreign-born mothers. Since the interaction term between ethnicity
and ever smoking status for cadmiumwas signiﬁcant, relationships be-
tween the 6 groups (non-smokers and ever smokers among Canadian-
born, foreign born, and Mexican mothers) are also shown in Table 6.
No signiﬁcant difference was found between Mexican non-smoker and
ever smoker mothers, or any signiﬁcant difference between Canadian-
foreign born non-smoker and ever smoker mothers. Canadian-foreign
born non-smokers however, were found to have signiﬁcantly higher
cadmium levels than Canadian-born non-smokermothers. Interestingly,
statistically similar cadmium levelswere found amongCanadian foreign-
born non-smokers, Canadian foreign-born ever smokers, and Canadian-
born ever-smokers.
Table 3
Descriptive Statistics of demographic variables for Canadian and Mexican Mothers.
Group Sample size Mean Standard deviation Minimum 25th percentile 75th percentile Maximum
Maternal age
Canadian–foreign born 20 33 3.8 25 31 35 41
Canadian–born 101 29 4.9 18 26 31 40
Mexican 240 21 4.0 15 18 23 33
Pre-pregnancy body mass index (BMI)
Canadian–foreign born 20 23 2.7 19 22 25 29
Canadian–born 93 25 6.2 17 21 26 47
Mexican 234 23 4.7 13 20 26 42
Monthly family incomea
Canadian–foreign born 17 7215 5540 1900 5000 7000 27500
Canadian–born 65 5353 2932 0.0 3400 7000 15000
Mexican 231 254 193 25 166 331 1657
Years residing in current city
Canadian–foreign born 20 17 12 0.8 6.8 25 40
Canadian–born 98 15 10 0.1 5.5 23 36
Mexican 235 18 6 0.0 15 21 33
History of smoking – ever smoking status
Group Ever smoking status Sample size Percent (%)
Canadian–foreign born Yes 9 45
No 11 55
Canadian–born Yes 39 41
No 55 59
Mexican Yes 95 40
No 145 60
Smoking during pregnancyb
Group Smoking during pregnancy Sample size Percent (%)
Canadian–foreign born Yes NR NR
No NR NR
Canadian–born Yes 13 34
No 25 66
Mexican Yes 16 17
No 79 83
Current smoking statusb
Group Current smoking status Sample size Percent (%)
Canadian–foreign born Yes NR NR
No NR NR
Canadian–born Yes 7 19
No 30 81
Mexican Yes NR NR
No NR NR
Highest level of maternal education
Group Canadian–foreign born Canadian–bornc Mexican
Frequency Percent Frequency Percent Frequency Percent
Elementary, incomplete 0 0 0 0 12 5
Elementary completed 0 0 0 0 37 15
Middle School, incomplete 0 0 0 0 29 12
Middle School, completed 0 0 0 0 68 28
High School, incomplete 0 0 5 5.4 37 15
High School, completed 0 0 13 14 25 10
Technical degree, completed NR NR 16 17 10 4.2
Bachelor's degree, incomplete NR NR 6 6.5 16 6.7
Bachelor's degree, completed 13 68 36 39 6 2.5
Postgraduate degree, completed NR NR 16 17 0 0
NR = Not reported to protect participant conﬁdentiality.
a Income for Mexican mothers was converted from pesos to Canadian dollars using the conversion factor of 1 = peso 0.08287 Canadian dollars (as of Feb. 18, 2014).
b Only ever smokers were included in the above table.
c One Canadian-born mother was omitted due to a coding error.
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and total mercury, they are not presented in Table 6 due to the
signiﬁcant interaction term between age and ethnicity group. In other
words, the group effect (i.e., place of birth) on contaminant levelsdepends on the mother's age. Instead, Fig. 1a and b summarize the
estimated adjusted geometric means using ages of 19, 22, 28, 32, and
34 for PCB 180 and totalmercury.While concentrations of totalmercury
remain higher among Mexican primiparous women of all ages, the
Table 4
Spearman rank correlations between demographic variables.
Age Pre-pregnancy BMI Monthly Family Income (CDN $)a Years residing in Current City
Age 1.0000 0.2673
(p b 0.0001)
0.5122
(p b 0.0001)
0.1578
(p = 0.003)
Pre-pregnancy BMI 1.0000 0.1100
(p = 0.0547)
0.0721
(p = 0.1844)
Monthly family Income 1.0000 −0.1537
(p = 0.0070)
Years residing in current city 1.0000
a Income for Mexican mothers was converted from pesos to Canadian dollars using the conversion factor of 1 peso = 0.08287 Canadian dollars (as of February 18, 2014).
Table 5
Final multiple regression models of natural log concentrations.
Contaminant Parameter Estimate P-value R2
Cadmium Intercept −0.9647 b .0001 0.155
Ethnicity: Canadian-foreign born (reference – Mexican) 0.1713 b .0001
Ethnicity: Canadian–born (reference – Mexican) 0.5169
Ever smoked (reference – Yes) −0.1018 0.5813
Ethnicity: Canadian–foreign born*non-smoker 0.5343 0.0007
Ethnicity: Canadian Mothers*non-smoker −0.3808
Cobalt Intercept −0.5812 b .0001 0.195
Ethnicity: Canadian–foreign born (reference – Mexican) −0.4057 b .0001
Ethnicity: Canadian–born (reference – Mexican) −0.4083
Age −0.0151 0.0244
Lead Intercept 2.8660 b .0001 0.546
Ethnicity: Canadian–foreign born (reference – Mexican) −1.3648 b .0001
Ethnicity: Canadian–born (reference – Mexican) −1.5933
Age 0.0167 0.0303
Nickel Intercept 1.1729 b .0001 0.215
Ethnicity: Canadian–foreign born (reference – Mexican) −0.2609 b .0001
Ethnicity: Canadian–born (reference – Mexican) −0.4131
Selenium Intercept 4.9269 b .0001 0.273
Ethnicity: Canadian–foreign born (reference – Mexican) 0.0898 0.0003
Ethnicity: Canadian–born (reference – Mexican) 0.0900
Age 0.0083 b .0001
Total mercury Intercept −0.1958 0.5608 0.135
Ethnicity: Canadian–foreign born (reference – Mexican) −3.4679 0.0001
Ethnicity: Canadian–born (reference – Mexican) −3.0044
Age 0.0019 0.0053
Age* Ethnicity: Canadian–foreign born (reference – Mexican) 0.1041 0.0077
Age* Ethnicity: Canadian–born (reference – Mexican) 0.0791
PCB 138 Intercept −0.3053 0.0920 0.224
Ethnicity: Canadian–foreign born (reference – Mexican) 0.2399 0.3840
Ethnicity: Canadian–born (reference – Mexican) 0.0099
Age 0.0564 b .0001
PCB 153 Intercept 0.3000 0.1792 0.299
Ethnicity: Canadian–foreign born (reference – Mexican) 0.2481 0.0923
Ethnicity: Canadian–born (reference – Mexican) −0.0990
Age 0.0713 b .0001
Pre-pregnancy BMI −0.0212 0.0032
PCB 180 Intercept −0.3228 0.2517 0.37
Ethnicity: Canadian–foreign born (reference – Mexican) 1.0722 0.0178
Ethnicity: Canadian–born (reference – Mexican) −1.4287
Age 0.0794 b .0001
Pre-pregnancy BMI −0.0258 0.0016
Age*Ethnicity: Canadian–foreign born (reference – Mexican) −0.0211 0.0416
Age*Ethnicity: Canadian–born (reference – Mexican) 0.0476
Oxychlordane Intercept −0.7857 b .0001 0.225
Ethnicity: Canadian–foreign born (reference – Mexican) −0.1681 0.0565
Ethnicity: Canadian–born (reference – Mexican) −0.2103
Age 0.0607 b .0001
p,p′-DDE Intercept 4.2736 b .0001 0.523
Ethnicity: Canadian–foreign born (reference – Mexican) −1.6310 b .0001
Ethnicity: Canadian–born (reference – Mexican) −2.4274
Age 0.0742 b .0001
trans-Nonachlor Intercept −0.7423 b .0001 0.237
Ethnicity: Canadian–foreign born (reference – Mexican) −0.3843 b .0001
Ethnicity: Canadian–born (reference – Mexican) −0.5961
Age 0.0783 b .0001
β-HCH Intercept −0.0020 0.9934 0.406
Ethnicity: Canadian–foreign born (reference – Mexican) −1.3189 b .0001
Ethnicity: Canadian–born (reference – Mexican) −2.1614 b .0001
Age 0.1022 b .0001
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Table 6
Scheffé multiple pair-wise comparison results for ethnicity groups.
Contaminant Group Similar
group
Adjusted Geometric
Mean
(95% CI)
Cadmium Canadian–foreign born*Non-
smoker
A 0.70 (0.52, 0.93)
Canadian–foreign born*Ever
smoker
AB 0.45 (0.31, 0.66)
Canadian–born*Non-smoker B 0.39 (0.34, 0.46)
Canadian–born*Ever-smoker A 0.64 (0.54, 0.76)
Mexican*Non-smoker B 0.34 (0.32, 0.37)
Mexican *Ever-smoker B 0.38 (0.35, 0.42)
Cobalt Canadian–foreign born A 0.26 (0.20, 0.35)
Canadian–born A 0.26 (0.23, 0.30)
Mexican B 0.39 (0.37, 0.42)
Lead Canadian–foreign born A 6.6 (4.8, 9.2)
Canadian–born A 5.3 (4.5, 6.1)
Mexican B 26 (24, 28)
Nickel Canadian–foreign born A 2.5 (2.1, 2.9)
Canadian–born A 2.1 (2.0, 2.3)
Mexican B 3.2 (3.1, 3.4)
Selenium Canadian–foreign born A 183 (170, 197)
Canadian–born A 183 (177, 183)
Mexican B 167 (164, 170)
p,p′-DDE Canadian–foreign born A 81 (53, 123)
Canadian–born B 37 (30, 44)
Mexican C 415 (367, 469)
trans-
Nonachlor
Canadian–foreign born A 2.1 (1.5, 2.8)
Canadian–born A 1.7 (1.4, 1.9)
Mexican B 3.0 (2.8, 3.3)
β-HCH Canadian–foreign born A 3.0 (1.9, 4.7)
Canadian–born B 1.3 (1.0, 1.6)
Mexican C 11 (9.8, 13)
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rous women became less in older age groups. We also note that while
concentrations of PCB 180 are lowest among young Canadian born pri-
miparous women, this trend reversed as the mother's age increased,
with older Mexican primiparous women having lower concentrations
of PCB 180 than Canadian-born primiparous women of the same age.
4. Discussion
Two recent papers have reported the analysis of data from this CEC
study for Canada (Foster et al., 2012) and Mexico (Rodriguez-Dozal
et al., 2012). In each case the analysis was restricted to comparisons
between sites or regions within each country. The Canadian analysis
by Foster et al. (2012) focused on concentrations of POPs and metals
in primiparous women and found statistical differences between the 5
Canadian sites for several contaminants after adjusting for age and
BMI, although no one site was consistently higher for all contaminants.
The paper by Rodriguez-Dozal et al. (2012) did not look at concentra-
tions of metals, but instead focused on POPs and pooled samples of di-
oxins, furans and dioxin-like PCBs in primiparous women. Signiﬁcant
differences were observed for several contaminants between the 10
Mexican study sites and concentrations of some POPs at certain sites
were higher than originally expected based on the hypothesized
exposure scenario (Rodriguez-Dozal et al., 2012). The unique analysis
presented here provides a direct statistical comparison between the
concentrations of metals and POPs in the blood of primiparous women
from both Canada and Mexico. Statistically signiﬁcant differences in the
concentrations of several contaminants were observed between partici-
pants from these two countries, after adjusting for age, ethnicity group,
pre-pregnancy BMI, years at current city, and ever-smoking status.
The contaminants that were found at higher concentrations
among Mexican primiparous women, compared to Canadianprimiparous women (after adjusting for covariates), included trans-
nonachlor, β-HCH, p,p′-DDE, cobalt, nickel, selenium, lead and mercury.
These results are not unexpected for β-HCH (a byproduct of lindane [γ-
HCH] production) and p,p′-DDE (a persistent metabolite of p,p′-DDT) in
Mexico, as the higher concentrations are consistent with their more re-
cent production and use. While most uses of p,p′-DDT were banned in
Canada in the 70s and 80s, its use continued quite extensively in regions
ofMexico formalaria vector control until it was banned in 2000 (Chanon
et al., 2003). Despite the recent ban, studies in the past decade have re-
ported high levels of p,p′-DDE in serum of the Mexican population
(Cupul-Uicab et al., 2010; De Jager et al., 2006; Torres-Sanchez et al.,
2007). Higher concentrations of β-HCH may also reﬂect more recent
use of lindane, which was also banned in Mexico in 2000.
Contrary to the above mentioned POPs, concentrations of PCBs ap-
peared to be lowest among Mexican primiparous women (Table 1),
however after adjusting for covariates, no signiﬁcant difference was de-
tected between Mexican and Canadian mothers (Canadian-born and
foreign born) except for PCB 180 (Table 5 and Fig. 1a). It is interesting
that only PCB180 was different between the three ethnicity groups as
Foster et al., (2012) found place of birth (Canadian-born and foreign
born) to be signiﬁcant for PCB 138, 153, and 180. We found these three
congeners to be highly correlated with each other when we conducted
Pearson correlations (Table 7), although we also found that only
PCB153 and 180 were signiﬁcantly correlated with pre-pregnancy BMI
among Canadian-born mothers, which may partially explain some of
these differences among PCB congeners. These high correlations
between PCBs do not imply that they have identical concentrations, but
rather they display similar trends with respect to covariates in this sam-
ple. The two most highly detected PCB congeners in all population
groups are PCB 138 and PCB 153. This appears to follow the trend seen
in literature (Becker et al., 2002; Needham et al., 2005) which has
shown that PCBs 138 and 153 continue to be the predominant PCB con-
geners in North America and Europe.
Unlike the majority of organochlorine contaminants, PBDEs were
detected in very few Mexican primiparous women, with the most de-
tected congeners (PBDE 47 and 153) measured in only 33% of Mexican
women. This is in contrast to the higher detection rate of PBDEs in most
of the Canadian primiparous women (PBDE 47 and 153 were detected
in 82% and 86% of Canadian primiparous women). PBDEs are used as
ﬂame retardants in many household products. Other studies have
highlighted higher concentrations of PBDEs among residents in regions
with tighter ﬂammability standards, such as in California (Eskenazi
et al., 2011; Zota et al., 2008). In these studies, concentrations of
PBDEs were twice as high among California residents compared with
other US residents (Zota et al., 2008), and Mexican-American children
who grew up in California had higher concentrations of PBDEs, due to
post-natal exposure, than their Mexican counterparts (Eskenazi et al.,
2011).
Unlike POPs, metals such as lead and mercury occur naturally in the
environment, however these metals are also used or released during a
number of different anthropogenic activities and human exposure can
be due to different sources. This studydid not examine or identify sources
of exposure; however other studies have suggested that one of themajor
sources of lead in Mexico is lead-glazed pottery (Chaudhary-Webb et al.,
2003; Hernandez-Avila et al., 1991; López-Carrillo et al., 1996a). Another
potential source of exposure to lead found in other areas of Mexico is
living in a vicinity of smelter complex (Carrizales L., et al., 2006;
García-Vargas., et al., 2001; Soto-Jiménez and Fregal, 2011). Further re-
search is needed to better explain the higher concentrations observed in
Mexican mothers, relative to Canadian-mothers. For example, further
research on identiﬁcation of sources of lead exposure, using new tools
such as lead isotopes ratios (Glorennec et al., 2010; Oulhote et al.,
2011), would be beneﬁcial to the interpretation of biomonitoring
data. Total mercury concentrations were signiﬁcantly higher among
Mexican primiparous women but the difference in adjusted geometric
means became less as age increased (1. 1b). This measure of total
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Fig. 1. (a) Adjusted Geometric Means by Mother's Age for PCB 180 (μg/kg plasma lipid).(b) Adjusted Geometric Means by Mother's Age for Total Mercury (μg/L whole blood).
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cury) as the inorganic mercury was not detectable in most of the
mothers (Table 2). The low R2 value in Table 4 for mercury suggests
that there are additional variables not included in this analysis that
would more accurately describe the distribution of mercury. InTable 7
Pearson Correlations between PCB 138, 153, 180 and demographic covariates (p-value).
All mothers PCB 153 PCB 180
PCB 138 0.9262 (p b .0001) 0.8198 (p b .0
PCB 153 0.8943 (p b .0
PCB 180
Age
Canadian–foreign born PCB 153 PCB 180
PCB 138 0.9451 (p b .0001) 0.7249 (p =
PCB 153 0.8826 (p b .0
PCB 180
Age
Canadian born PCB 153 PCB 180
PCB 138 0.8165 (p b .0001) 0.7376 (p b .0
PCB 153 0.8783 (p b .0
PCB 180
Age
Mexican PCB 153 PCB 180
PCB 138 0.9370 (p b .0001) 0.8354 (p b .0
PCB 153 0.8944 (p b .0
PCB 180
AgeMexico, mercury has several industrial applications in the chlor-alkali,
cement, pharmaceutical, and coal and coke industries; however there
is very little information (Soto-Ríos et al., 2010) on human exposures
tomercury. A number of studies in Canada have shown that diet, partic-
ularly ﬁsh consumption, is associatedwith concentrations ofmercury inAge Pre-BMI
001) 0.4686 (p b .0001) 0.0277 (p = 0.6072)
001) 0.5227 (p b .0001) −0.0300 (p = 0.5776)
0.5641 (p b .0001) −0.0420 (p = 0.4355)
0.2156
(p b .0001)
Age Pre-BMI
0.0003) 0.4103 (p = 0.0724) 0.1553 (p = 0.5132)
001) 0.4536 (p = 0.0445) −0.0131 (p = 0.9564)
0.3293 (p = 0.1562) −0.2031 (p = 0.3903)
0.0877 (p = 0.7130)
Age Pre-BMI
001) 0.4869 (p b .0001) −0.1304 (p = 0.2152)
001) 0.6487 (p b .0001) −0.2489 (p = 0.0161)
0.6755 (p b .0001) −0.2057 (p = 0.0479)
−0.0708 (p = 0.5049)
Age Pre-BMI
001) 0.2879 (p b .0001) 0.0255 (p = 0.6980)
001) 0.3043 (p b .0001) −0.0089 (p = 0.8920)
0.3372 (p b .0001) −0.0118 (p = 0.8574)
0.3338
(p b .0001)
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have better explained mercury concentrations, however due to incom-
plete or inconsistent collection of dietary and lifestyle data from Canada
and Mexico, this data was not available to include in the analysis to as-
sess any potential relationships. The results for cadmium in this paper
indicate that ever smoking status was signiﬁcant, since the interaction
term between ever smoking status and ethnicity group was found to
be signiﬁcant, however the R2 value was fairly low for cadmium
which suggests other variables should be sought to better explain the
variation in cadmium concentrations. Current-smoking status was
also initially considered for the analysis but it could not be included
due to sample size issues. As blood concentrations of cadmium usually
reﬂect recent and cumulative exposures (CDC, 2005), current-
smoking status may have been a better variable to include for blood
samples.
Foster et al., (2012) found signiﬁcant differences between Canadian-
born and Canadian-foreign born mothers for several contaminants
(cadmium, β-HCH, p,p′-DDE, PBDE 47, PCB138,153 and 180) and this
was found to be similar in the analysis presented in this paper, but
with a few exceptions. Speciﬁcally, concentrations of both PCB138 and
PCB153 were not signiﬁcantly different among these two groups, and
cadmium was only signiﬁcantly different among non-smokers in the
analysis of this paper. Foster et al., (2012) also found age and pre-
pregnancy BMI effect to be signiﬁcant for several contaminants. While
agewasnot signiﬁcant for cobalt in Foster et al., (2012) itwas signiﬁcant
in the present analysis (p = 0.0244). Pre-pregnancy BMI was also
weakly signiﬁcant for cobalt and trans-nonachlor (p = 0.044 and
0.049 respectively) in Foster et al., (2012) however they were not
signiﬁcant in the present analysis. It is also worth mentioning that
while pre-pregnancy BMI was signiﬁcant for PCB180 in this analysis
and that of Foster et al., (2012), it was not signiﬁcant among Mexican
mothers in Rodriguez-Dozal et al., (2012). In addition, Rodriguez-
Dozal et al., (2012) also found signiﬁcant differences of p,p′-DDE
between underweight and obese mothers, while pre-pregnancy BMI
was not signiﬁcant for p,p′-DDE in this analysis or in Foster et al.,
(2012). These small differences in p-valuesmay be attributed to the dif-
ferences in the statistical analysis, due to differences in the degrees of
freedom and variance since data from two countries were included in
the present analysis.
AmongCanadian participants, itwas noted that foreign born primip-
arous women had more than double the concentration of β-HCH found
in their Canadian-born counterparts. The Canadian-foreign born
primiparous women also had moderately elevated concentrations of
p,p′-DDE compared to Canadian born primiparous women. These
higher concentrations of persistent bioaccumulative chemicals are likely
due to prior exposure in their country of origin or in foods imported from
these countries, although there is insufﬁcient information on residential
history to verify this conclusion. Higher concentrations of select contam-
inants among foreign born mothers has been observed previously in
other studies (Butler-Walker et al., 2003; Wang et al., 2009) and is also
described in greater detail by Foster et al. (2012). Foreign born mothers
however, may also have lower concentrations of other contaminants, as
demonstrated in the United States where one study found lower indica-
tor PCB concentrations among pregnant Mexican-American women
compared to non-Mexican American women (Wang et al., 2009).
It is also possible that the differences by country are due, not to
geographic-speciﬁc attributes, but rather due to unobserved effects or
exposures to these contaminants not captured by the variables used in
this analysis.
5. Conclusion
Human biomonitoring data provides substantial information on
human exposure to contaminants that is valuable for risk assessments
(Smolders et al., 2009). One of the restricting issues regarding exposure
characterization is the availability of reliable and comparable humanbiomonitoring data (Smolders et al., 2010). When comparing data
from different countries, it is important to evaluate the methods used
for analysis and sampling of participants, as there are several factors
that may inﬂuence this comparisons such as analytical differences in-
cluding limits of detection (LOD) for chemicals (LaKind et al., 2012).
Other challenges that may exist when comparing biomonitoring data
from different countries include gender, age, and time period in which
samples were collected (Smolders et al., 2010).
While the results of the CEC Trinational Biomonitoring Study for
Canada and Mexico are not nationally representative due to the non-
probability sampling strategy used, it does provide an initial set of
regional data on POPs and metals concentrations in primiparous
women from both countries. Due to the design of the pilot study,
which included implementation of similar methods for data collection
(same target population and during same time period) and analysis
(sample analysis conducted at same labusing samemethods/instruments
and thus the same LOD), a statistical comparison could be made be-
tween the data collected in Canada and Mexico, which eliminated
many of the challenges described above. This information highlights
signiﬁcant differences of contaminant concentrations in primiparous
women (particularly p,p′-DDE, β-HCH and lead) which provide impor-
tant information for North-American risk-management efforts to limit
and reduce human exposure to contaminants.
Since the completion of the CEC Trinational Biomonitoring study, a
number of other larger scale biomonitoring studies have been conduct-
ed in Canada (Haines et al., 2012). Future activities could use this new
data for comparative purposes to further highlight differences in a
more comprehensive manner, both nationally and internationally.
Comparing these biomonitoring studies with other similarly designed
studies, may allow for detection of smaller differences in contaminant
levels, account for other variables impacting contaminant levels, and
provide a comparison that is representative of the population.Acknowledgements
Acknowledgements go out to all those who helped with the
completion of the CEC Trinational study, especially the mothers who
participated in the study. A special acknowledgement must be made
to Dr. Larry Needham who passed away in October 2010. Dr. Larry
Needham was a co-author and principal supporter of the Trinational
Blood Biomonitoring Study, without whom, the study would not have
been possible.References
Akins JR, Waldrep K, Bernert Jr JT. The estimation of total serum lipids by a completely
enzymatic ‘summation’ method. Clin Chim Acta 1989;184(3):219–26.
Alberta Health Wellness. Alberta biomonitoring program, chemicals in serum of pregnant
women inAlberta: inﬂuence of age, location and seasonality. ISBN:978-0-7785-6695-3,
2008.
Anderson HA, Wolff MS. Environmental contaminants in human milk. J Expo Anal
Environ Epidemiol 2000;10:755–60.
Ask K, Akesson A, Berglund M, Vahter M. Inorganic mercury and methylmercury in
placentas in Swedish women. Environ Health Perspect 2002;110:523–6.
Becker K, Kaus S, Krause C, Lepom P, Schulz C, Seiwert M, et al. German Environmental
Survey 1998 (GerES III): Environmental pollutants in blood of theGermanpopulation.
Int J Hyg Environ Health 2002;205(4):297–308.
Boucher O, Muckle G, Bastien CH. Prenatal exposure to polychlorinated biphenyls: a
neuropsychologic analysis. Environ Health Perspect 2009;117:7–16.
Boucher O, Burden MJ, Muckle G, Saint-Amour D, Ayotte P, Dewailly E, et al. Response in-
hibition and error monitoring during a visual Go/No-Go task in Inuit children ex-
posed to lead, polychlorinated biphenyls, and methylmercury. Environ Health
Perspect 2012a;120(4):608–15.
Boucher O, Jacobson SW, Plusquellec P, Dewailly E, Ayotte P, Forget-Dubois N, et al.
Prenatal methylmercury, postnatal lead exposure, and evidence of attention deﬁcit/
hyperactivity disorder among Inuit children in Arctic Québec. Environ Health
Perspect 2012b;120(10):1456–61.
Butler-Walker J, Seddon L, McMullen E, Houseman J, Tofﬂemire K, Corriveau A, et al.
Organochlorine levels in maternal and umbilical cord blood plasma in Arctic
Canada. Sci Total Environ 2003;302:27–52.
312 B. Adlard et al. / Science of the Total Environment 500–501 (2014) 302–313Butler-Walker J, Houseman J, Seddon L, McMullen E, Tofﬂemire K, Mills C, et al. Maternal
and umbilical cord blood levels of mercury, lead, cadmium, and essential trace
elements in Arctic Canada. Environ Res 2006;100(3):295–318.
Cantonwine D, Hu H, Sánchez BN, Lamadrid-Figueroa H, Smith D, Ettinger AS, et al.
Critical windows of fetal lead exposure: adverse impacts on length of gestation and
risk of premature delivery. J Occup Environ Med 2010;52(11):1106–11.
Carrizales L, Razo I, Tellez-Hernández JI, Torres-Nerio R, Torres A, Batres LE, et al. Exposure
to arsenic and lead of children living near a copper-smelter in San Luis Potosi,México:
Importance for exposure of children. Environ Res 2006;101:1–10.
CDC (Centers for Disease Control, Prevention). Third national report on human exposure to
environmental chemicals; 2005 [Atlanta (GA). Retrieved on July 23, fromwww.cdc.gov].
CEC. Trinational biomonitoring study: assessment of persistent organic pollutants
and selected metals in the blood of ﬁrst-birth mothers in southern Canada and
Mexico and inwomen of reproductive age in theUnited States.Montreal: Commissions
for Environmental Cooperation; 2011.
Chanon KE, Méndez-Galvan JF, Galindo-Jaramillo JM, Olguin-Bernal H, Borja-Aburto VH.
Cooperative actions to achieve malaria control without the use of DDT. Int J Hyg
Environ Health 2003;206:387–94.
Chaudhary-Webb M, Paschal DC, Romieu I, Ting B, Elliot C, Hopkins H, et al. Determining
lead sources inMexico using the lead isotope ratio. 45Salud pública deMéxico; 2003.
p. S183–8 [SUP2].
Cho SC, Kim BN, Hong YC, Shin MS, Yoo HJ, Kim JW, et al. Effect of environmental ex-
posure to lead and tobacco smoke on inattentive and hyperactive symptoms and
neurocognitive performance in children. J Child Psychol Psychiatry 2010;51:
1050–7.
Choi AL, Weihe P, Budtz-Jørgensen E, Jørgensen PJ, Salonen JT, Tuomainen, et al. Methyl-
mercury exposure and adverse cardiovascular effects in Faroese Whaling men.
Environ Health Perspect 2009;117:367–72.
Clarkson TW, Magos L. The toxicology of mercury and its chemical compounds. Crit Rev
Toxicol 2006;36:609–62.
Cole DC, Sheeshka J, Murkin EJ, Kearney J, Scott F, Ferron LA,Weber JP. Dietary intakes and
plasma organochlorine contaminant levels among Great Lakes ﬁsh eaters. Arch
Environ Health 2002;57(5):496–509.
Costa LG, Giordano G, Tagliaferri S, Caglieri A, Mutti A. Polybrominated diphenyl ether
(PBDE) ﬂame retardants: environmental contamination, human body burden and
potential adverse health effects. Acta Biomed 2008;79:172–83.
Craan AG, Haines DA. Twenty-ﬁve years of surveillance for contaminants in human breast
milk. Arch Environ Contam Toxicol 1998;35:702–10.
Cupul-Uicab LA, Hernandez-Avila M, Terrazas-Medina EA, Pennell ML, Longnecker MP.
Prenatal exposure to the major DDT metabolite1,1-dichloro-2,2-bis(p-chlorophenyl)
ethylene (DDE) and growth in boys from Mexico. Environ Res 2010;110:595–603.
Dallaire F, Dewailly É, Muckle G, Vézina C, Jacobson SW, Jacobson J, et al. Acute infections
and environmental exposure to organochlorines in Inuit infants from Nunavik.
Environ Health Perspect 2004;112:1359–65.
Dallaire F, Dewailly É, Vézina C, Ayotte P, Muckle G, Bruneau S. Effect of prenatal exposure
to polychlorinated biphenyls on incidence of acute respiratory infections in preschool
Inuit children. Environ Health Perspect 2006;114:1301–5.
Darnerud PO. Toxic effects of brominated ﬂame retardants inman and inwildlife. Environ
Int 2003;29:841–53.
de Jager C, Farias P, Barraza-Villarreal A, Avila MH, Ayotte P, Dewailly É, et al. Reduced
seminal parameters associated with environmental DDT exposure and p,p′-DDE con-
centrations in men in Chiapas, Mexico: a cross-sectional study. J Androl 2006;27(1):
16–27.
Domínguez-Cortinas G, Díaz-Barriga F, Martínez-Salinas RI, Cossío P, Pérez-Maldonado IN.
Exposure to chemical mixtures in Mexican children: high risk scenarios. Environ Sci
Pollut Res 2013;20:351–7.
Donaldson SG, Van Oostdam J, Tikhonov C, Feeley M, Armstrong B, Ayotte P, et al. Envi-
ronmental contaminants and human health in the Canadian Arctic. Sci Total Environ
2010;408(22):5165–234.
Eskenazi B, Fenster L, Castorina R, Marks AR, Sjodin A, Rosas LG, et al. A comparison of
PBDE serum concentrations in Mexican and Mexican-American children living in
California. Environ Health Perspect 2011;119:1442–8.
Foster WG, Cheung AP, Davis K, Graves G, Jarrell J, Leblanc A, et al. Circulating metals and
persistent organic pollutant concentrations in Canadian and non-Canadian born pri-
miparous women from ﬁve Canadian centres: Results of a pilot biomonitoring study.
Sci Total Environ 2012;435–436:326–36.
García-Vargas GG, Rubio-Andrade M, Del Razo LM, Borja-Aburto V, Vera-Aguilar E,
Cebrian ME. Lead exposures in children living in a smelter community in region
Lagunera Mexico. J Toxicol Environ Health A 2001;62(6):417–29.
Glenn BS, Stewart WF, Links JM, Todd AC, Schwartz BS. The longitudinal association of
lead with blood pressure. Epidemiology 2003;14:30–6.
Glenn BS, Bandeen-Roche K, Lee BK, Weaver VM, Todd AC, Schwartz BS. Changes in sys-
tolic blood pressure associated with lead in blood and bone. Epidemiology 2006;17:
538–44.
Glorennec P, Peyr C, Poupon J, Oulhote Y, Le Bot B. Identifying sources of lead exposure for
children, with lead concentrations and isotope ratios. J Occup Environ Hyg 2010;7:
253–60.
Grandjean P, Weihe P, Burse VW, Needham LL, Storr-Hansen E, Heinzow B, et al.
Neurobehavioral deﬁcits associated with PCB in 7-year-old children prenatally
exposed to seafood neurotoxicants. Neurotoxicol Teratol 2001;23:305–17.
Grandjean P, White RF, Weihe P, Jørgensen PJ. Neurotoxic risk caused by stable and
variable exposure to methylmercury from seafood. Ambul Pediatr 2003;3:
18–23.
Haines D, Legrand M, Arbuckle T, Van Oostdam J, Dabeka W, Tikhonov C, et al. Examples
of ongoing international surveys: Canada. Chapter 2D. Biomarkers and human
biomonitoring, vol. 1: Ongoing Programs and Exposures; 2012. p. 79–106.Hansen S, Nieboer E, Odland JO, Wilsgaard T, Veyhe AS, Sandanger TM. Levels of organo-
chlorines and lipids across pregnancy, delivery and postpartum periods in women
from Northern Norway. J Environ Monit 2010;12:2128–37.
Harada M. Minamata disease: methylmercury poisoning in Japan caused by environmen-
tal pollution. Crit Rev Toxicol 1995;25(1):1–24.
Harada M, Fujino T, Oorui T, Nakachi S, Nou T, Kizaki T, et al. Followup study of mercury
pollution in indigenous tribe reservations in the Province of Ontario, Canada,
1975–2002. B Environ Contam Toxicol 2005;74:689–97.
Health Canada. It's your health – effects of lead on human health (catalogue 0-662-
35483-4) Ottawa: Health Canada; 2004.
Hernandez-Avila M, Romieu I, Rios C, Rivero A, Palazuelos E. Lead-glazed ceramics as
major determinants of blood lead levels in Mexican women. Environ Health Perspect
1991;94:117–20.
Huang X, Lessner L, Carpenter DO. Exposure to persistent organic pollutants and hyper-
tensive disease. Environ Res 2006;102(1):101–6.
INSPQ (Institut national de santé publique du Québec). Étude sur l'établissement de
valeurs de référence d' éléments traces et de métaux dans le sang, le sérum et l'urine
de la population de la grande région de Québec; 2004.
Jacobson JL, Jacobson SW. Prenatal exposure to polychlorinated biphenyls and attention
at school age. J Pediatr 2003;143:780–8.
James RA, Hertz-Picciotto I, Willman E, Keller JA, Charles MJ. Determinants of serum
polychlorinated biphenyls and organochlorine pesticides measured in women from
the child health and development study cohort, 1963–1967. Environ Health Perspect
2002;110:617–24.
Kiciński M, Viaene MK, Hond ED, Schoeters G, Covaci A, Dirtu AC, et al. Neurobehavioural
function and low-level exposure to brominated ﬂame retardants in adolescents: a
cross-section study. Environ Health 2012;11:86.
Lakind JS, Berlin CM, NaimanDQ. Infant exposure to chemicals in breast milk in the united
states: what We need to learn from a breast milk monitoring program. Environ
Health Perspect 2001;109(1):75–88.
LaKind JS, Levesque J, Dumas P, Bryan S, Clarke J, Naiman DQ. Comparing United States
and Canadian population exposures from National Biomonitoring Surveys: Bisphenol
A intake as a case study. J Exp Sci Environ Epid 2012;22:219–26.
Lee D, Lee IK, Song K, Steffes M, Toscano W, Baker BA, et al. A strong dose–response
relation between serum concentrations of persistent organic pollutants and diabetes:
results from the National Health and Examination Survey 1999–2002. Diabetes Care
2006;29:1638–44.
Lee D, Steffes MW, Sjodin A, Jones RS, Needham LL, Jacobs Jr DR. Low dose of some
persistent organic pollutants predicts Type 2 diabetes: A nested case–control study.
Environ Health Perspect 2010;118:1235–42.
López-Carrillo L, Torres-Sánchez L, Garrido F, Papaqui-Hernádez J, Palazuelos-
Rendón E, López-Cervantes M. Prevalence and determinants of lead intoxication
in Mexican children of low socioeconomic status. Environ Health Perspect
1996a;104:1208–11.
López-Carrillo L, Torres-Arreola L, Torres-Sánchez L, Espinosa-Torres F, Jiménez C, Cebrián
M, et al. Is DDT use a public health problem in Mexico? Environ Health Perspect
1996b;104:584–8.
Mes J, Marchand L, Davies DJ. Organochlorine residues in adipose tissue of Canadians. Bull
Environ Contam Toxicol 1990;45:681–8.
Meza-Montenegro MM, Valenzuela-Quintanar AI, Balderas-Cortés JJ, Yañez-Estrada L,
Gutiérrez-CoronadoML, Cuevas-Robles A, et al. Exposure assessment of organochlorine
pesticides, arsenic, and lead in children from the major agricultural areas in sonora,
Mexico. Arch Environ Contam Toxicol 2013;64(3):519–27.
Muckle G, Dewailly É, Ayotte P, Jacobson SW, Jacobson JL. Contributions of PCBs,
pesticides, MeHg and n-3 fatty acids to fetal growth and motor development in
Inuit infants in Arctic Quebec. Neurotoxicology 2004;25:672-672.
Muntner P, He J, Vupputuri S, Coresh J, Batuman V. Blood lead and chronic kidney disease
in the general United States population: results from NHANES III. Kidney Int 2003;63:
1044–50.
Muntner P, Menke A, DeSalvo KB, Rabito FA, Batuman V. Continued decline in blood
lead levels among adults in the United States. Arch Intern Med 2005;165:
2155–61.
Needham LL, Barr D, Caudill SA, Pirkle JL, Turner W, Osterloh J, et al. Concentrations
of environmental chemicals associated with neurodevelopmental effects in U.S.
population. Neurotoxicology 2005;26:531–45.
Needham LL, Grandjean P, Heinzow B, Jorgensen PJ, Nielsen F, Patterson Jr DG, et al.
Partition of environmental chemicals between maternal and fetal blood and tissues.
Environ Sci Technol 2011;45:1121–6.
Orta-García S, Pérez-Vázquez F, González-Vega C, Varela-Silva JA, Hernández-
Gonzez L, Pérez-Maldonado I. Concentrations of persistent organic pollutants
(POPs) in human blood samples from Mexico City. Mex Sci Total Environ 2014;
472:496–501.
Oulhote Y, Le Bot B, Poupon J, Lucas JP, Mandin C, Etchevers A, et al. Identiﬁcation of
sources of lead exposure in French children by lead isotope analysis: a cross-
sectional study. Environ Health 2011;10:75.
Rignell-Hydbom A, Lidfeldt J, Kiviranta H, Rantakokko P, Samsioe G, Agardh C, et al. Expo-
sure to p,p′-DDE: a risk factor for type 2 diabetes. PLoS One 2009;4(10):e7503.
Rodríguez-Dozal S, Riojas Rodríguez H, Hernández-Ávila M, Van Oostdam J, Weber JP,
Needham LL, et al. Persistent organic pollutant concentrations in ﬁrst birth mothers
across Mexico. J Expo Sci Environ Epidemiol 2012;22(1):60–9.
Sakamoto M, Kubota M, Liu XJ, Murata K, Nakai K, Satoh H. Maternal and fetal mercury
and n-3 polyunsaturated fatty acids as a risk and beneﬁt of ﬁsh consumption to
fetus. Environ Sci Technol 2004;38(14):3860–3.
Sarcinelli PN, Pereira AC, Mesquita SA, Oliveira-Silva JJ, Meyer A, Menezes MAC, et al. Di-
etary and reproductive determinants of plasma organochlorine levels in pregnant
women in Rio de Janeiro. Environ Res 2003;91:143–50.
313B. Adlard et al. / Science of the Total Environment 500–501 (2014) 302–313Sergeev AV, Carpenter DO. Hospitalization rates for coronary heart disease in relation to
residence near areas contaminated with persistent organic pollutants and other pol-
lutants. Environ Health Perspect 2005;113(6):756–61.
Smolders R, Schramm KW, Stenius U, Grellier J, Kahn A, Trnovec T, et al. A review on the
practical application of human biomonitoring in integrated environmental health im-
pact assessment. J Toxicol Environ Healt B 2009;12(2):107–23.
Smolders R, Alimonti A, Cerna M, Den Hond E, Kristiansen J, Palkovicova L, et al. Availabil-
ity and comparability of human biomonitoring data across Europe: A case-study on
blood-lead levels. Sci Total Environ 2010;408:1437–45.
Soria ML, Sanz P, Martinez D, Lopez-Artiguez M, Garrido R, Grilo A, et al. Total mercury
and methylmercury in hair, maternal and umbilical blood, and placenta from
women in the Seville Area. B Environ Contam Toxicol 1992;48:494–501.
Soto-Jiménez MF, Fregal AR. Childhood lead poisoning from the smelter in Torreón
México. Environ Res 2011;111:590–6.
Soto-Ríos ML, Rothenberg SJ, Juárez-Perez CA, Aguilar-Madrid G. Variability of mercury in
urine among Mexican women residing in a mining area. J Occup Environ Med 2010;
52(1):62–6.
St. Lawrence Vision 2000. Health and the St. Lawrence: Status Report II, Catalogue no.
H21-223/2004E; 2003.
Torres-Sánchez L, Rothenberg SJ, Schnaas L, Cebrián ME, Osorio E, Del Carmen Hernández
M, et al. In utero p, p-DDE exposure and infant neurodevelopment: a peri natal cohort
in Mexico. Environ Health Perspect 2007;115:435–9.
Trejo-Acevedo A, Díaz-Barriga F, Carrizales L, Domínguez G, Costilla R, Ize-Lema I, et al.
Exposure assessment of persistent organic pollutants andmetals inMexican children.
Chemosphere 2009;74:974–80.Trejo-Acevedo A, Rivero-Pérez NE, Flores-Ramirez R, Orta-García ST, Pruneda-Álvarez LG,
Pérez-Maldonado IN. Assessment of the levels of hexachlorocyclohexane in blood
samples from Mexico. Bull Environ Contam Toxicol 2012;88:833–7.
Wang HL, Chen XT, Yang B, Ma FL, Tang ML, Hao MG, et al. Case–control study of blood
lead levels and attention deﬁcit hyperactivity disorder in Chinese children. Environ
Health Perspect 2008a;116(10):1401–6.
Wang S, Yang C, Tsai P, Guo YL. Increased risk of diabetes and polychlorinated biphenyls
and dioxins: a 24-year follow-up study of the Yucheng cohort. Diabetes Care 2008b;
31(8):1574–9.
Wang RY, Jain RB, Wolkin AF, Rubin CH, Needham LL. Serum concentrations of selected
persistent organic pollutants in a sample of pregnant females and changes in their
concentrations during gestation. Environ Health Perspect 2009;117:1244–9.
Weisglas-Kuperus N, Vreugdenhil HJI, Mulder PGH. Immunological effects of environ-
mental exposure to polychlorinated biphenyls and dioxins in Dutch school children.
Toxicol Lett 2004;149(1–3):281–5.
Wheatley B, Paradis S. Exposure of Canadian aboriginal peoples to methylmercury. Water
Air Soil Polut 1995;80:3–11.
Wong SL, Lye E. Lead, mercury and cadmium levels in Canadians. Health Rep 2008;19(4):
31–6.
Yazbeck C, Thiebaugeorges O, Moreau T, Goua V, Debotte G, Sahuquillo J, et al. Maternal
blood lead levels and the risk of pregnancy-induced hypertension: the EDEN Cohort
Study. Environ Health Perspect 2009;117:1526–30.
Zota AR, Rudel RA, Morello-Frosch RA, Brody JG. Elevated house dust and serum concen-
trations of PBDEs in California: unintended consequences of furniture ﬂammability
standards? Environ Sci Technol 2008;42(21):8158–64.
